In several mammalian species, lactating females show blunted neural, hormonal, and behavioral responses to stressors. It is not known whether new fathers also show stress hyporesponsiveness in species in which males provide infant care. To test this possibility, we determined the effects of male and female reproductive status on stress responsiveness in the biparental, monogamous California mouse (Peromyscus californicus). Breeding (N= 8 females, 8 males), nonbreeding (N= 10 females, 10 males) and virgin mice (N= 12 females, 9 males) were exposed to a 5-min predator-urine stressor at two time points, corresponding to the early postpartum (5-7 days postpartum) and mid/late postpartum (19-21 days postpartum) phases, and blood samples were collected immediately afterwards. Baseline blood samples were obtained 2 days prior to each stress test. Baseline plasma corticosterone (CORT) concentrations did not differ among male or female groups. CORT responses to the stressor did not differ among female reproductive groups, and all three groups showed distinct behavioral responses to predator urine. Virgin males tended to increase their CORT response from the first to the second stress test, while breeding and nonbreeding males did not. Moreover, virgin and nonbreeding males showed significant behavioral changes in response to predator urine, whereas breeding males did not. These results suggest that adrenocortical responses to a repeated stressor in male California mice may be modulated by cohabitation with a female, whereas behavioral responses to stress may be blunted by parental status.
Introduction
Lactational hyporesponsiveness, or blunted responsiveness to stress in lactating females, has been described in a number of mammalian species, including sheep (Ovis aries), flying foxes (Pteropus hypomelanus), Columbian ground squirrels (Spermophilus columbianus), Norway rats (Rattus norvegicus), and humans (Deschamps et al., 2003; Hubbs et al., 2000; Lightman, 1992; Reeder et al., 2004; Shanks et al., 1997; Tilbrook et al., 2006; Tu et al., 2005; Windle et al., 1997a) . This phenomenon has been characterized most thoroughly in rats. Compared to virgin females, lactating female rats have been found to exhibit reduced adrenocorticotropic hormone (ACTH) and corticosterone (CORT) responses to a variety of stressors, including immobilization, endotoxins, acoustic startle, predator urine, and open-field tests (Deschamps et al., 2003; Lightman, 1992; Shanks et al., 1997; Toufexis et al., 1999a; Windle et al., 1997a) . Lactating rats also exhibit reduced anxiety-like and stressrelated behavior in open-field, elevated plus maze, noise stress, and acoustic startle response tests, compared to virgin females (Fleming and Luebke, 1981; Lonstein, 2005; Toufexis et al., 1999b; Windle et al., 1997a) .
At the central level, lactating female rats show reduced stressinduced activation of afferent projections to the paraventricular nucleus of the hypothalamus (PVN), which activates the hypothalamicpituitary-adrenal (HPA) axis through the release of the ACTH secretagogues corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) (da Costa et al., 2001; Toufexis and Walker, 1996; Toufexis et al., 1998) . In addition, baseline CRH mRNA levels are lower, and AVP mRNA levels higher, in the PVN of lactating compared to nonlactating female rats (Fischer et al., 1995; Walker et al., 2001) , while lactating rats express lower CRH mRNA levels in the PVN in response to hypertonic saline and restraint stress, compared to virgin females (da Costa et al., 2001; Lightman and Young, 1989) . Lactating rats have also been found to exhibit reduced pituitary sensitivity to CRH compared to virgin females, thus partly explaining their lower CORT responses to stress (Toufexis et al., 1999a) .
The functional significance of neuroendocrine hyporesponsiveness to stress during lactation is unknown. One possibility is that it could protect infants from high glucocorticoid concentrations in the mother's Hormones and Behavior 60 (2011) 128-138 milk Slattery and Neumann, 2008) . CORT treatment of rat dams during lactation has long-term effects on HPA activity and anxiety-related behavior in their offspring (Brummelte et al., 2006; Casolini et al., 1997; Catalani et al., 1993 Catalani et al., , 2000 . Another possibility is that reduced peripartum stress responsiveness functions to preserve energy essential for lactation (Numan and Insel, 2003) , or to buffer parental behavior from disruption by stressors, as hormones of the HPA axis are thought to suppress parental behavior (Brunton et al., 2008; Carter et al., 2001; Lightman et al., 2001; Rivier and Rivest, 1991; Saltzman and Abbott, 2009; Wingfield and Sapolsky, 2003) .
In approximately 6% of mammalian species, fathers, in addition to mothers, engage in parental care (Kleiman and Malcolm, 1981) . The neuroendocrine basis of paternal behavior in rodents is unclear, and the role of hormones in the regulation of paternal behavior is currently under debate (Schradin, 2007; Wynne-Edwards and Timonin, 2007) . Moreover, little is known of the neuroendocrine and affective consequences for fathers of engaging in paternal behavior. If, as described above, lactational hyporesponsiveness evolved to buffer parental behavior from stress, a reasonable hypothesis is that fathers of dependent offspring, in addition to lactating females, exhibit reduced neuroendocrine and behavioral responses to stress in biparental species.
We tested this hypothesis in a biparental rodent, the California mouse (Peromyscus californicus). California mice are socially and genetically monogamous, and males engage in extensive parental behavior upon the birth of their pups (Gubernick and Alberts, 1987; Ribble, 1991) . The presence of the father accelerates pup development and increases pup survival, especially under energetically challenging conditions (Cantoni and Brown, 1997; Dudley, 1974; Gubernick et al., 1993; Gubernick and Teferi, 2000; Wright and Brown, 2002) . Importantly, both circulating prolactin concentrations and AVP-ir within the brain have been shown to correlate with paternal behaviors in California mouse fathers (Bester-Meredith and Marler, 2003; Gubernick and Nelson, 1989) . Given that both of these peptides are involved in the modulation of stress responsiveness, it is plausible that they may play a dual role in facilitating paternal behavior and ameliorating stressreactivity in new fathers (Appenrodt et al., 1998; Bales et al., 2004; Everts and Koolhaas, 1999; Landgraf, 2006; Parker and Lee, 2001; Torner et al., 2002) .
We characterized behavioral and CORT responses to predator-odor stress in breeding male and female California mice as compared to (1) virgin males and virgin females housed in same-sex pairs, and (2) nonbreeding (vasectomized) males and their female pairmates housed in heterosexual pairs. We chose to use predator urine as a stressor because it is ecologically relevant and because predator odors are known to be potent stressors in a variety of mammalian species (Figueiredo et al., 2003; Kavaliers et al., 2001; Ward et al., 1996; Zhang et al., 2003) . Specifically, we used urine from bobcats and coyotes, two predators that are sympatric with California mice through at least part of the latter's range (including the region from which our colony was derived, the Santa Monica Mountains in southern California), and that prey heavily on rodents (Fedriani et al., 2000) . We tested the breeding animals in the presence of their pups to avoid separation-induced stress (Lonstein, 2005) ; however, conflicting data describe the effect of the infants' presence during exposure to a stressor as either eliminating (rats: Deschamps et al., 2003) or further accentuating (sheep: Tilbrook et al., 2006) neuroendocrine hyporesponsiveness in mothers.
Previous studies of stress hyporesponsiveness in other species focused on females that were either pregnant or lactating, but not both (Lightman and Young, 1989; Shanks et al., 1999; Walker et al., 1992 Walker et al., , 1995 . In California mice and many other rodents, however, females commonly undergo a postpartum estrus and conceive shortly after giving birth, so that pregnancy and lactation coincide (Gubernick, 1988) . Therefore, we characterized stress responsiveness in female California mice that were concurrently pregnant and lactating, in order to study the animals under more naturalistic reproductive conditions. In rats, the stage of lactation affects females' HPA responses to stress; early lactating females (≤1 week postpartum) display higher CORT and ACTH responses to stress than midlactating females (approximately 2 weeks postpartum; Deschamps et al., 2003; Walker et al., 1995) . We therefore tested breeding pairs during both the females' early (5-7 days) and mid/late (19-21 days) postpartum periods, which coincided with early-and mid-pregnancy.
Materials and methods

Animals
We used male and female California mice purchased as adults from the Peromyscus Genetic Stock Center (University of South Carolina, Columbia, SC, USA). Mice were maintained as described previously (de Jong et al., 2009 (de Jong et al., , 2010 . Briefly, animals were housed in transparent, 44× 24× 20 cm polycarbonate cages, with aspen shavings as bedding, cotton wool as nesting material, and food (Purina Rodent Chow 5001) and water available ad libitum. Lights were on from 0500 h to 1900 h (14:10), and room temperature and humidity were maintained at approximately 18-26°C and 60-70%, respectively. Animals were inspected daily and weighed twice per week to monitor health and pregnancies, and cages and water bottles were changed once per week. Mice had been weaned at 25-35 days of age, initially housed in samesex groups of 2-3 animals, and then housed in same-sex pairs upon their arrival in our lab until the start of the study. Animals had been earpunched at weaning, and were marked with non-toxic hair color (Bigen, Hoyu Co. Ltd., Nagoya, Japan) at the start of the study for rapid identification. All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and were reviewed and approved by the University of California, Riverside (UCR) IACUC. UCR is fully accredited by AAALAC.
Design
Male and female mice were randomly assigned to three reproductive groups (same-sex siblings were assigned to different conditions): breeding pairs, nonbreeding pairs, and virgins. Breeding pairs (N= 8) comprised a female (breeding females) and sham-vasectomized male (breeding males). Nonbreeding pairs (N= 10) comprised a female (nonbreeding females) and vasectomized male (nonbreeding males). Virgin males (sham-vasectomized; N = 9) and virgin females (N= 12) were maintained in unrelated same-sex pairs from the time of arrival in our laboratory and throughout the experiment.
Each pair of mice underwent two stress tests (see below) separated by 14 days, with each test immediately followed by collection of a blood sample; a baseline blood sample was collected two days before each stress test. Breeding males and breeding females underwent their first baseline blood sample 2-5 days after the birth of their first litter of pups. Breeding females gave birth to their first litter 42.3 ± 6.3 days after pair formation (mean± SE), and all but two gave birth to their second litter 14-23 (16.2 ± 3.0) days after the second stress test. The schedule of baseline blood samples and stress tests for nonbreeding males, nonbreeding females, virgin males and virgin females was established by matching each nonbreeding or virgin pair to specific breeding pairs. Cohorts of animals containing mice from each reproductive group were tested concurrently. Time from pair formation (first day of pair-housing) to the first baseline blood sample did not differ between breeding (48.8±6.2 days) and nonbreeding (44.1± 2.5 days) pairs (P= 0.463).
Mean age of males (381.4± 16.1 days) at the time of the first stress test did not differ significantly among the three reproductive groups (P= 0.259), and there were no significant differences in the mean length of time between surgery and the first stress test (61.4 ± 7.4 days) across male reproductive groups (P= 0.147). Mean age of females, however, differed among breeding (385.1 ± 20.4 days), nonbreeding (312.9± 12.0 days), and virgin (341.4 ± 12.9 days) females (F[2,29] = 5.375, P = 0.011). Breeding females were significantly older than nonbreeding females (P = 0.009), while virgin females did not differ significantly from the other two groups.
Surgeries
Vasectomies and sham vasectomies were performed using sterile conditions and standard surgical procedures. Mice were anesthetized with isoflurane, a ventral midline incision (approximately 1 cm) was made, the vas deferens was sutured and cut, and the incision was closed with tissue glue. Ketoprofen (5 mg/kg, s.c.) was administered at the completion of the surgery to provide analgesia. Following one week of recovery, animals were reunited with their cagemates.
Stress tests
Data collection was divided into two phases, with phase 1 corresponding to the early postpartum period in breeding pairs and phase 2 corresponding to the mid/late postpartum period, two weeks later. In each of the two phases, a baseline blood sample was obtained, a stress test was performed, and a post-stress blood sample was collected from each mouse. Animals in all reproductive groups were tested with their pairmate present, and breeding males and breeding females were tested with their pups also present (1-4 pups per litter). For each stress test, the pair (or family) of mice was placed in a clean cage with bedding, cotton, and a plastic cup (diameter: 4 cm ×height: 2 cm) containing a clean cotton ball, and taken to an unfamiliar room containing no other animals. Animals were allowed to acclimate to the environment for 5 min, after which two trained observers (inter-observer reliability scores N90%) each scored the behavior of one focal animal for 5 min on laptop computers using the JWatcher event-recorder program (Blumstein and Daniel, 2007) . The cup containing a clean cotton ball was then replaced with an identical cup containing a cotton ball soaked with 1 ml predator urine (see below), and behavioral observations were continued for an additional 5 min. Duration of time that mice spent within 3 cm of the plastic cup (distance measured with reference to a 3 cm ruler), autogrooming, grooming its cagemate, and freezing, as well as number of jumps, was scored continuously for all focal animals before and during presentation of predator urine. In addition, every 30 s, upon an audible signal from a timer, the observers recorded whether or not each test subject was in proximity to its cagemate, and whether it was immobile or locomoting. The length of the cage was demarcated into three equal zones, and the zone in which each subject was located (zone containing the cup, zone furthest from the cup, or intermediate zone) was scored on every 30-s scan. For breeding animals, duration of time spent licking, in proximity to (within 3 cm), and nursing the pups was also scored.
Bobcat and coyote urine (Predatorpee.com, Lexington Outdoors, Robbinston, ME, USA) were used as predator odors in a stress-test protocol modified from that of Deschamps et al. (2003) . The urine was collected through floor drains from bobcats and coyotes housed in game farms and refuges, and following collection, was filtered and stored at room temperature. Each pair of mice was exposed to one odor in its first stress test and the other odor in its second stress test. The order of odor presentations was randomly balanced across pairs within each reproductive group. We wiped down the testing area with 70% alcohol immediately following each test; nonetheless, we cannot rule out the possibility that animals may have been exposed to lingering predator urine scents from previous tests. All procedures were carried out between 0900 h and 1100 h, when baseline plasma CORT levels in our mice are low and incremental responses to stress are pronounced (unpub. data).
Blood sampling
Mice were anesthetized with isoflurane, and blood samples of up to 140 μl were collected from the retro-orbital sinus into heparinized microhematocrit tubes. All blood samples, except one, were obtained within 3 min of initial disturbance to the animals (baseline samples) or within 3 min following the end of a stress test (post-test samples) to prevent the capture procedures from influencing CORT levels (Good et al., 2003) . The remaining blood sample was obtained in 3 min 40 s following the end of a stress test; however, the CORT concentration of this sample fell within the range of other post-stress blood samples in this study. Blood was centrifuged at 13,200 rpm for 12 min at 4°C, and plasma was aspirated and stored at −80°C until assayed.
Corticosterone assays
Corticosterone concentrations in plasma (100 μl of a 1:400 dilution) were determined using a double-antibody 125 I-radioimmunoassay kit (MP Biomedicals, Costa Mesa, CA, USA). All samples were assayed in duplicate at the recommended volume. The kit standards generate a curve adequate to measure CORT concentrations between 25 and 1000 ng/ml. Preliminary data indicated that plasma CORT concentrations range from 40 to 2000 ng/ml in the California mouse. To accommodate this range we diluted plasma 1:400 and extended the lower end of the standard curve to 12.5 ng/ml by diluting the provided 25 ng/ml standard by half.
To assess the biochemical validity of the kit with California mouse plasma, we performed three validation procedures, parallelism, accuracy, and precision, following the methods of Harper and Austad (2000) and Good et al. (2003) . In brief, parallelism was determined by comparing the log-logit slope of serially diluted California mouse plasma to the log-logit slope of the standard curve (see Fig. 1 ). Slope equality was determined using linear regression in GraphPad Prism (version 5, GraphPad Software, Inc., La Jolla, CA, USA). The log-logittransformed slope of the standard curve was statistically indistinguishable (P = 0.363) from the log-logit-transformed slope of serially diluted California mouse plasma. Accuracy samples were generated by adding 10 μl of California mouse plasma with a known CORT concentration to each point on the standard curve. Accuracy was determined by comparing the observed CORT concentration in each sample to the expected concentration. Average assay accuracy was 99.1%, and the difference between the observed and expected CORT concentrations per tube was statistically indistinguishable from zero (P = 0.620). Assay precision was determined by calculating intra-assay variation as the coefficient of variation (CV) between replicate samples in an assay. Inter-assay variation was determined by calculating the CV for the average CORT levels in a laboratory-maintained California mouse plasma pool. The intra-and inter-assay CVs were 4.2% and 5.1%, respectively. All samples from each animal were run in the same assay, and each assay included samples from at least one animal from each sex and reproductive condition.
Data analysis
CORT data were log-transformed to achieve normality and analyzed by 3-way repeated-measures ANOVA for each sex separately, with reproductive group (breeding, nonbreeding, virgin) as a between-groups factor, and phase (early postpartum [phase 1], mid/ late postpartum [phase 2]) and baseline vs. post-test (basal_test) as within-groups factors. We report both main effects and interactions from each ANOVA in the Results section. CORT data were tested for outliers (Sokal and Rohlf, 1995) , and test subjects with outlying or missing hormonal data were removed from the analysis. Final numbers of animals used in CORT analyses were 8 breeding males, 9 nonbreeding males, 5 virgin males, 7 breeding females, 9 nonbreeding females, and 11 virgin females.
All behavioral scores, except jumping, are expressed as percentages of total observation duration or percentages of total number of 30-s instantaneous scans; jumps are expressed as total number of occurrences within each 5-min testing period before or during predator-urine exposure. Behavioral data were compared among groups nonparametrically, using the Kruskal-Wallis test; significant overall effects were followed by nonparametric pairwise post-hoc comparisons (Siegel and Castellan, 1988) . Within reproductive groups, behavior was compared between phases and before vs. during predatorurine exposure using Wilcoxon Signed Ranks tests. Statistical analyses were performed using SPSS (IBM Corporation, Somers, NY, USA) and Systat (Systat Software, Inc., Chicago, IL, USA), and were evaluated at the 0.05 level (2-tailed).
Results
Males Corticosterone
Initial comparisons of baseline plasma CORT concentrations revealed that baseline levels did not differ among breeding, nonbreeding, and virgin males (main effect of group: CORT concentrations immediately following exposure to predator urine. CORT levels were significantly higher after predator-urine exposure than under baseline conditions (P b 0.001). A group × phase × basal_test interaction (P = 0.031) revealed that the change in CORT responses to stress from test 1 to test 2 differed among groups. Virgin males tended to increase their CORT response to stress from phase 1 to phase 2 (P = 0.075), whereas breeding and nonbreeding males did not. Note difference between graphs in y-axis scale. Planned comparisons revealed that virgin males had a significantly greater increase in the magnitude of the stress response from phase 1 to phase 2, as compared to nonbreeding males (group× basal_test × phase interaction: F[1,12]= 6.412, P = 0.026), and tended to have a greater increase in the magnitude of the stress response as compared to breeding males (group× basal_test× phase interaction: F[1,11]= 4.620, P = 0.055).
Behavior
Locomotion, autogrooming, approaches to within 3 cm of the cup (containing a clean or predator-urine-soaked cotton ball), proximity to cagemate, grooming cagemate, and freezing behavior did not differ among groups of males in either phase 1 or phase 2, either before or during predator-urine exposure (Table 1) . To determine whether repetition of the stressor or exposure to predator urine affected behavior, we compared behavior in the 5 min before vs. the 5 min during predator-urine exposure, as well as in phase 1 vs. phase 2, using Wilcoxon tests for each group of males. Phase did not significantly influence behavior either during or before urine exposure in any of the groups of males (see Table 1 ). Predator urine did, however, affect Table 1 Behavior (median, range) before and during exposure to predator urine in breeding (N = 8), nonbreeding (N = 9-10), and virgin (N = 8-9) male California mice.
Breeding behavior in the nonbreeding and virgin male groups. During predatorurine exposure, as compared to the 5 min prior, virgin and nonbreeding males spent significantly less time in proximity to the cup (nonbreeding males, phase 1: Z = −2.380, P = 0.017, N = 10; nonbreeding males, phase 2: Z = −2.547, P = 0.011, N = 9; virgin males, phase 2: Z = −2.201, P = 0.028, N = 8), and less time autogrooming (virgin males, phase 1: Z = 2.366, P = 0.018, N = 9; nonbreeding males, phase 2: Z = −2.521, P = 0.012, N = 9). In contrast, no differences were found between behaviors before and during stressor exposure in breeding males. Breeding males did not differ in the duration of time spent licking their pup(s) or in proximity to their pup(s) before vs. during predatorurine exposure (Table 3) . (Fig. 3B) . Because female groups differed significantly in age (see Materials and methods), age was used as a covariate in the analyses; however, no significant effects of age were found.
Females Corticosterone
Behavior
Locomotion, approaches to within 3 cm of the cup, proximity to cagemate, grooming cagemate, and freezing behavior did not differ among groups of females in either phase 1 or phase 2, either before or during predator-urine exposure (Table 2) . >During phase 1, however, female reproductive groups differed in the amount of time spent autogrooming during stressor exposure (χ 2 = 6.022, P = 0.049). Pairwise post-hoc comparisons revealed that breeding females engaged in more autogrooming than virgin females (Z = − 2.007, P = 0.045), while nonbreeding females did not differ from either of these groups. Phase did not significantly influence behavior in breeding and nonbreeding females. In contrast, virgin females engaged in more locomotor activity during stressor exposure in phase 1 than in phase 2 (Z=− 2.588, P = 0.010, N = 12), and spent more time in the cage zone furthest from the predator urine during stressor exposure in phase 2 than in phase 1 (Z = − 2.106, P = 0.035, N = 12). Acute exposure to predator urine altered behavior in all three groups of females. During predator-urine exposure, as compared to the preceding 5 min, virgin females significantly reduced their locomotor activity (phase 1: Z = −2.296, P= 0.022, N = 12) and proximity to the cup (phase 2: Z= −2.667, P = 0.008, N =12), nonbreeding females decreased the amount of time spent autogrooming (phase 1: Z = −1.992, P = 0.046, N = 10), and both virgin and nonbreeding females increased the amount of time spent freezing compared to their behavior before stressor exposure (phase 2, virgin females: Z = −2.197, P = 0.028, N = 12; phase 2, nonbreeding females: Z = −1.992, P = 0.046, N = 9). Breeding females spent more time in the cage zone furthest from the cup during predator-urine exposure, compared to the preceding 5 min (phase 2: Z = −2.240, P = 0.025, N = 8; see Table 2 ), but maternal behaviors (licking the pup(s), proximity to the pup(s), and nursing) were not affected by predator-urine exposure (Table 3) .
Discussion
The present study is among the first to investigate the effects of reproductive state on responses to acute stress in males of a biparental mammalian species. We predicted that we would find blunted CORT and behavioral responses to a predator-urine stressor in new fathers and mothers, based on the hypothesis that reduced stress responsiveness found in lactating mammals may have evolved to protect parental behavior from disruption by stressors. We found partial support for this hypothesis: virgin males tended to increase their CORT response from the first to the second stress test, while breeding and nonbreeding males did not. In addition, virgin and nonbreeding males showed significant behavioral changes in response to predator urine, whereas breeding males did not. In contrast, no differences were found in CORT responses to stress in females, and all female groups showed behavioral changes in response to predator urine. Our findings point to a role of reproductive status in the modulation of behavioral and endocrine stress responsiveness in males, but do not provide evidence for an effect of reproductive state on stress responsiveness in female California mice.
Baseline corticosterone levels
Initially, we compared baseline CORT levels among reproductive groups within each sex. Breeding females tended to have higher mean baseline CORT concentrations than virgin and nonbreeding females during both the early lactational period and the late lactational period, but these differences did not reach statistical significance. Elevated baseline levels of CORT have been found in lactating female rats (Fischer et al., 1995; Stern et al., 1973; Walker et al., 1995) and have been attributed to the high energetic costs of lactation (Walker et al., 1992) . The breeding females in the current study were simultaneously lactating and pregnant, however, and in other rodents, early-pregnant females have low baseline CORT levels (Ogle and Kitay, 1977; Stefanski et al., 2005; Waddell and Atkinson, 1994) . Thus, our use of breeding females that were simultaneously pregnant and lactating could have been responsible for the lack of significant differences in baseline CORT among female groups in the current study. Baseline plasma CORT concentrations did not differ among breeding, nonbreeding and virgin males. This finding suggests that fatherhood, pair bonds, and same-sex relationships do not influence baseline CORT differentially in male California mice. This is similar to findings in prairie voles (Microtus ochrogaster), in which baseline CORT levels did not differ between isolated males and males housed with a female pairmate (DeVries et al., 1997), but contrasts with findings from Glasper and DeVries (2005) in which male California mice paired with an ovariectomized female had significantly lower baseline CORT than isolated males. In that study, social isolation, rather than the absence of a female pairmate, might have resulted in elevated baseline CORT levels (McCormick et al., 2006; Ruscio et al., 2007) . In biparental cotton-top tamarins (Saguinus oedipus), baseline urinary cortisol levels were not found to differ between new fathers and males paired with a female (Ziegler et al., 1996) , although in biparental black tufted-ear marmosets (Callithrix kuhlii), males' baseline urinary cortisol levels increased after the birth of their first litter (Nunes et al., 2001) . Altogether, these findings suggest that being a father does not influence baseline CORT levels consistently across species, and that paternal behavior may be relatively disengaged from hormones of the HPA axis, as has been proposed previously .
Baseline CORT concentrations in California mice in this study were considerably lower than those in other studies of the same species (Glasper and Devries, 2005; Oyegbile and Marler, 2006; Trainor et al., 2010) . Differences in methodology might explain this disparity. In the Glasper and Devries (2005) study, baseline plasma samples were obtained from animals that had previously been subject to wounding procedures; however, the times of day at which wounding and blood collection were performed, as well as the latency from disturbance to blood collection, were not specified. Without this information, it is difficult to compare baseline CORT measures in the two studies. Predictably high baseline CORT levels were found by Oyegbile and Marler (2006) and Trainor et al. (2010) shortly after lights out, corresponding to the rise in CORT around the time of waking in nocturnal rodent species (Dallman et al., 1993; Malisch et al., 2008; unpub. data) . Furthermore, Trainor et al. (2010) obtained baseline plasma samples N7 min following initial disturbance to the animals. In contrast, baseline blood samples in the present study were collected several hours after lights-on, near the nadir of the daily CORT rhythm (Dallman et al., 1993; Malisch et al., 2008; unpub. data) , and were collected within 3 min of initial disturbance to the animals.
Predator-urine stressor
Predator odor is an ecologically relevant stressor that represents a threat to the individual mouse and its pups, and that elicits a conserved and stereotyped neuroendocrine response across rodent species (Deschamps et al., 2003; Kavaliers et al., 2001; Masini et al., 2005; Perrot-Sinal et al., 1999) . Among female California mice in the current study, CORT levels were markedly increased following predator-urine stress tests in all reproductive groups. No differences were found in the magnitude of the CORT response to stress among breeding, nonbreeding, and virgin females. These results contrast with numerous findings in rats, in which lactating dams were shown to have a reduced CORT response to noise, endotoxin, elevated plus maze, and light/dark box tests compared to virgin females (Lightman, 1992; Shanks et al., 1997; Toufexis et al., 1999b; Windle et al., 1997a) . Again, our findings might reflect the fact that the breeding females in the present study were concurrently pregnant and lactating, unlike the lactating females used in previous studies of other rodent species. In rats, stress responsiveness differs between lactating and pregnant females: pronounced CORT responses to stress, similar to those seen in virgins, have been found in early-pregnant rats (Nakamura et al., 1997; Neumann et al., 1998) , while blunted CORT responses to stress, similar to those of lactating females, have been found in late-pregnant rats (Brunton et al., 2008) .
Another difference between the present study and most previous studies of lactational hyporesponsiveness in rodents is that breeding females in our experiment were exposed to the predator-urine stressor while in the presence of their pups (and mate), which might have sensitized the lactating females' CORT response to stress, possibly circumventing any adaptations for stress hyporesponsiveness. Deschamps et al. (2003) found that early lactating rats tested in the presence of their pups had a significantly higher CORT response to predator urine than early lactating females separated from their pups. In sheep, however, the lambs' presence and suckling greatly attenuated their mothers' cortisol responses to isolation and restraint stress, compared to ewes tested in the absence of their lambs or with their lambs present but unable to suckle (Tilbrook et al., 2006) . Finally, the differences among studies may also be due to the nature of the stressor. For example, while the CORT response to repeated predator odor stressors is often sustained or sensitized in rodents (Blanchard et al., 1998; Figueiredo et al., 2003; Plata-Salaman et al., 2000) , the response to other stressors such as chronic restraint or isolation typically habituates (Cole et al., 2000; Fernandes et al., 2002; Girotti et al., 2006; McCormick et al., 2006) . As so few studies on lactational hyporesponsiveness to stress have utilized predator odor as a stressor, however, comparisons have to be made with studies applying different types of stress paradigms.
Studies of several other species have failed to detect reduced glucocorticoid responses to stressors in lactating as compared to nonlactating females (mice: Douglas et al., 2003 ; rhesus macaques, Macaca mulatta: Maestripieri et al., 2008; humans: Altemus et al., 2001; Kaye et al., 2004) . (Note that Douglas et al. (2003) found that lactating mice had a significantly reduced ACTH response, but not CORT response, to forced swimming compared to virgin females). This, in addition to a number of studies in which blunted anxiety and fear were not found in lactating rats (Sibolboro-Mezzacappa et al., 2003; Silva et al., 1997; Young and Cook, 2004; Zuluaga et al., 2005) , suggests that the occurrence of lactational stress hyporesponsiveness is highly variable and dependent on experimental design, as well as species.
In the present study, the inclusion of nonbreeding pairs of California mice (i.e., vasectomized males and their female mates) allowed us to evaluate possible effects of a pair bond, in addition to parenthood, on stress reactivity. Being a parent and engaging in a pair bond did not differentially modulate stress responsiveness in females, as no differences were found in the stress reactivity of breeding females compared to nonbreeding and virgin females. Social isolation has been found to greatly sensitize adrenocortical responses to stress in female prairie voles, Siberian hamsters (Phodopus sungorus), and black tuftedear marmosets, in comparison to females housed with a male or female pairmate (Detillion et al., 2004; Grippo et al., 2007; Smith et al., 1998) . Few studies, however, have attempted to characterize differential effects of male-female pair bonds, same-sex cagemates, and parental status on stress responsiveness. Importantly, the nonbreeding females in our study may have become pseudopregnant following copulation (Kenney et al., 1977) . Elevated prolactin levels commonly found in pseudopregnant females could have dampened the nonbreeding females' neuroendocrine response to stress, similar to what was expected in breeding females. As neither breeding nor nonbreeding females differed from virgin females in their behavioral or hormonal responses to stress, however, this scenario seems unlikely. We found that the change in males' CORT responses to predator urine from phase 1 to phase 2 differed among reproductive groups. Virgin males tended to become sensitized to the stressor, with an increased CORT response in phase 2 compared to phase 1, while males pair-housed with a female (either breeding or nonbreeding) responded similarly in the two phases. These data suggest an effect of mating or male-female pair bonding in modulating the response to repeated predator-urine stress in males. As described above, social support in the form of a male-female pair bond or same-sex social bond typically reduces the CORT response to acute stress in male prairie voles in comparison to socially isolated males (Carter, 1998; DeVries et al., 1997) . Oxytocin released within the brain during mating and/or pair formation in prairie voles (Cho et al., 1999; Waldherr and Neumann, 2007) has been implicated in the social buffering and modulation of stress responsiveness (DeVries et al., 1997; Petersson et al., 1999; Windle et al., 1997b) , and this might be the mechanism through which breeding and nonbreeding male California mice avoided sensitization to the predator-urine stressor. Furthermore, central AVP associated with the facilitation and maintenance of pair bonds (Cho et al., 1999; Liu et al., 2001; Winslow et al., 1993) may have modulated the stress response in breeding and nonbreeding males, although it is unclear whether it would play a stimulatory or inhibitory role (Landgraf, 2006) . Finally, exposure to estrous, pseudopregnant, or pregnant females could have played a part in dampening the CORT responses to repeated predator-urine stress in breeding and nonbreeding males. Such an effect has previously been found in male mice (Mus musculus), whereby brief exposure to odors from an estrous female facilitated the dampening of CORT responses to predator odor (Kavaliers et al., 2001) .
Reproductive status also modulated behavioral responses to the predator-urine stressor in male, but not female, California mice. Predator urine affected behavior in nonbreeding and virgin males, causing acute reductions in time spent in proximity to the cup and in time spent autogrooming. In contrast, breeding males showed no significant behavioral changes in response to predator urine. These results, along with recent findings showing that paternal experience correlates with altered behavioral responses to novelty, but not fear, in pup-exposed California mice (Bardi et al., 2011) , suggest that fatherhood, engaging in paternal behavior, or exposure to a pregnant female blunts the effects of stress on behavior in males.
Neuroendocrine hyporesponsiveness to stress in lactating female mammals is thought to have evolved as a mechanism to protect parental behavior from disruption in the face of stressors (Altemus et al., 1995; Brunton et al., 2008; Carter et al., 2001; Lightman et al., 2001; Wingfield and Sapolsky, 2003) . If this hypothesis is correct, we would expect fathers in biparental species to exhibit reduced stress responsiveness compared to non-fathers. The results of this study suggest that fatherhood, or engaging in paternal behavior, does buffer the behavioral response to stress, but that this effect is not clearly associated with, or mediated by, diminished glucocorticoid responses to stress, at least in this biparental species. The reduction in anxietyrelated behavior found in lactating females of other species is likely mediated by a combination of maternal hormones and contact with their pups (Figueira et al., 2008; Lonstein, 2005) . Therefore, it is likely that stimuli from and interaction with the pups may have contributed to breeding males' reduced stress-related behavior in the current study. These findings suggest that differential mechanisms underlie the lactation-induced suppression of behavioral and neuroendocrine responses to stressors in parents, with parental behavior or stimuli from pups possibly mediating an altered behavioral response, but not an altered adrenocortical response to stress.
Conclusion
In summary, the results of this study suggest that parenthood does not modulate corticosterone responses to an acute stressor in male and female California mice. Cohabitation with a female pairmate, however, does appear to reduce the adrenocortical response to repeated stress in males, while fatherhood appears to mitigate the behavioral response to stress. Ongoing studies further characterizing HPA function, stress-induced neural activation, and anxiety-related behavior in California mouse fathers and non-fathers are being conducted to more fully ascertain the extent to which fatherhood may influence stress responsiveness and emotionality in this monogamous, biparental mammal.
